2 Abstract The PsbP and PsbQ proteins are extrinsic subunits of the photosystem II in eukaryotic photosynthetic organisms including higher plants, green algae and euglena. It has been suggested that PsbP and PsbQ have evolved from their cyanobacterial homologs, while considerable genetic and functional modifications have occurred to generate the eukaryote-type proteins. In addition, number of PsbP and PsbQ homologs exist in the thylakoid lumen of chloroplasts. These homologs are nuclear-encoded and likely diverged by gene duplication, and recent studies have elucidated their various functions in the photosynthetic machinery. In this short review, recent findings and new idea about these components will be discussed.
Introduction
In eukaryotic photosynthetic organisms, oxygenic photosynthesis takes place in chloroplasts, in which protein complexes involved in the light-harvesting and photosynthetic electron transport are located in thylakoid membranes. Photosynthetic electron transport machinery is composed of two light-energy driven photosystems (PS), PSI and PSII, the cytochrome (Cyt) b 6 f, and the ATP synthase. In linear electron transport (LET), electrons extracted from water in PSII are transported to PSI through Cyt b 6 f and eventually produce NADPH. During this process, PSII oxidizes water thereby producing molecular oxygen and protons in the thylakoid luminal space. In addition, protons are concomitantly transferred from the stroma to the lumen and the resulting ∆pH is used to drive ATP production in the ATP synthase. Furthermore, ∆pH is additionally formed by cyclic electron transport around PSI (PSI-CEF), which recycles electrons from ferredoxin (Fd) or NADPH to the plastoquinone pool.
In PSI-CEF, the existence of two different electron transport pathways has been demonstrated;
One is an antimycin-sensitive complex including PGR5 and PGRL1 proteins Shikanai 2013) and the other is the NAD(P)H dehydrogenase-like (NDH-like) complex (Peng et al. 2009 Ifuku et al. 2011a) , both of which are suggested to interacts with PSI.
The biogenesis and regulation of the multi-subunits complexes in thylakoid membranes have been intensively studied, and recent studies suggest the importance of the proteins accumulated in thylakoid luminal space. Proteomic and genomic studies have identified up to 80 proteins in Arabidopsis to be localized in the lumen (Peltier et al. 2002; Schubert et al. 2002; Kieselbach and Schroder, 2003) . Since recent review article has already described known and proposed functions of thylakoid luminal proteins in photosynthesis regulation , only a brief summary on the functional category of luminal proteins is shown in Fig. 1 . In addition to the major luminal proteins, such as PSI and PSII extrinsic subunits, the electron carrier plastcyanin (PC), and violaxanthin deepoxigenase (VDE), a number of proteins involved in protein folding and quality control, such as immunophilins (CYP-and FKBP-types) and Deg proteases have been identified (Schuhmann and Adamska, 2012; Gollan et al. 2012 ).
Furthermore, several enzymes involved in the thiol/disulphide modulation has been identified, suggesting the importance of redox regulation and sensing in thylakoid lumen (Hall et al. 2010; Järvi et al. 2013) ; Lumen Thiol Oxidoreductase1 (LTO1) catalyzes disulphide bond formation of the PsbO subunit in PSII (Karamoko et al. 2011) , and CS26 was proposed to regulate thiol oxidation by production of S-sulphocysteine in the lumen (Bermúdez et al., 2012) . These facts indicate the protein interactive network in thylakoid lumen that supports functions of the photosynthetic electron transfer machinery.
In this review, I would like to focus on the PsbP and PsbQ family, one of the major protein families in the thylakoid lumen. The PsbP and PsbQ proteins are extrinsic subunits of the photosystem II in green plants including higher plants and green algae (Enami et al. 2008) . It is known that the PSII extrinsic proteins have undergone quite drastic changes during the evolution of oxyphototrophs from cyanobacteria to higher plants (De Las Rivas et al. 2004; Roose et al. 2007; Enami et al. 2008) . The origins of PsbP and PsbQ are thought to be their cyanobacterial homologs CyanoP and CyanoQ, respectively (Kashino et al. 2002 , Thornton et al. 2004 ); however, it has been suggested that the molecular functions of CyanoP and CyanoQ in the oxygen-evolving complex (OEC) are largely different from PsbP and PsbQ. In red algae and diatoms, PsbQ′, a 20 kDa homologue of CyanoQ, is bound to PSII as an extrinsic subunits (Okumura et al. 2008 , Nagao et al. 2010b ). In addition, diatoms have specific extrinsic subunit, Psb31, and recent structural analysis suggests that Psb31 might be a homolog of PsbQ . Furthermore, genomic and proteomic studies have identified a number of PsbP and PsbQ homologs in chloroplasts. All PsbP and PsbQ homologs are nuclear-encoded and likely result from gene duplication (Roose et al. 2007 ). This review summarizes recent findings and new idea about their function and molecular evolution in the photosynthetic electron machinery.
Members of the PsbP and PsbQ family in Arabidopsis

Members of the PsbP family
The structure and function of the PsbP family proteins have recently been thoroughly reviewed (Bricker et al. 2013) , and only the essence will be descried here. In Arabidopsis, at least nine members of PsbP family proteins, PsbP and eight PsbP homologs, are accumulated in thylakoid lumen (Table 1) (Roose et al. 2007; Ishihara et al. 2007; Ifuku et al. 2010) . Based on the amino-acid sequence similarity with PsbP, PsbP homologs are classified into two PsbP-like proteins (PPL) and six PsbP-domain proteins (PPD) (Ishihara et al. 2007) . The presence of additional members of the PsbP family, which are named as PPD7 or PPD8 have been suggested, but they have not been detected by proteome studies Järvi et al. 2013) .
Comparison of amino acid sequences suggests that PPL1 is most closely related to CyanoP, while PsbP and the other PsbP homologs are paralogs of PPL1 (Ishihara et al. 2007; Jackson et al. 2012) . Structural modeling in silico suggests that all members of the PsbP family have a similar  structure, called a Mog1p/PsbP-like fold in SCOP: a structural classification of proteins database (Ifuku et al. 2004 ). On the other hand, the N-or C-terminal sequence as well as the loop region connected to the central sheets differ among the members . It has been suggested that this structural difference among PsbP family proteins should be related to their functional difference in the thylakoid lumen Bricker et al. 2013) . In particular, the N-terminal extension specifically found in PsbP is required for its stable interaction with PSII and for its function to retain essential Ca 2+ and Clions in PSII (Ifuku et al. 2002 (Ifuku et al. , 2008 Tomita et al. 2009 ).
Members of the PsbQ family
In addition to two authentic PsbQs in PSII, Arabidopsis has three PsbQ-like (PQL) homologs ( Table 1 ). All five PsbQ family proteins have an obvious thylakoid lumen-targeting signal, consistent with previous proteomic studies which suggested their localization in the thylakoid lumen, except for PQL3 (Peltier et al. 2002; Schubert et al. 2002; Zybailov et al. 2008 ). It should be noted that three PQL proteins were given different names by different groups (Peng et al. 2009; Suorsa et al. 2010; Yabuta et al. 2010) , and unified names have been proposed (Ifuku et al. 2011a ), which will be described in the following section. Comparison of amino-acid sequences suggests that the PQL proteins are more similar to plant PsbQ than CyanoQ, indicating the possibility that PQLs may have been differentiated from PsbQ after PsbQ had evolved from CyanoQ .
A phylogenetic analysis has investigated the evolutional relationship among PsbQ family proteins . Structural modeling indicates that all of the PQL proteins are predicted to have the four-helix bundle structure similar to PsbQ and CyanoQ (Calderon et al. 2003; Balsera et al. 2005) , and only this sequence region was used to construct a reliable tree.
The obtained tree suggests that PsbQ and PQL branched after PsbQ and PsbQ´ had branched from CyanoP. It should be noted that PsbQ in green algae is more closely related to PsbQ´ in red algae and diatoms, indicating that PsbQ in green algae may be included in the PsbQ´ group.
This assumption is consistent with the different binding properties of green algal PsbQ from higher plant PsbQ in the PSII complex (Nagao et al. 2010a) . Recently, structural analysis of Psb31 from a centric diatom, Chaetoceros glacilis, suggests that Psb31 has a four-helix bundle structure similar to the PsbQ family protein ; However, Psb31 proteins in diatom are significantly distant from other PsbQ family proteins. Because the four-helix bundle structure is commonly observed in other PSII interacting proteins, such as Psb27 (Cormann et al. 2009; Mabbitt et al. 2009; Michoux et al. 2012 ) and CYP38 (Vasudevan et al. 2012) , it is difficult to conclude from the structure the evolutional origin of Psb31 as CyanoQ. The above phylogenetic analysis suggests that the PsbQ and PQL proteins should be evolutionally new proteins with specific roles in land plants.
Functional prediction of the PsbP and PsbQ family using mRNA co-expression analysis
Molecular functions of the PsbP and PsbQ family proteins have been investigated by the mRNA co-expression patterns in the public available microarray database (Ishihara et al 2007; Yabuta et al. 2010) . Comprehensive analyses on the mRNA co-expression of thylakoid luminal protein genes suggest physiologically sensible sub-grouping among the luminal protein genes (Granlund et al. 2009; Ifuku et al. 2010) . It is suggested that PsbP and PsbQ homologs in Arabidopsis are categorized into three distinct groups; The first group contains the authentic OEC proteins of PSII, which mainly have PSI or PSII subunits in their co-expression genes. The second group co-expresses with ribosomes, immunophilines and some stress-related genes, and the third group characteristically co-expresses with the genes encoding subunits of chloroplast NDH-like complex ). This functional classification corresponds well with the actual phenotype of the Arabidopsis mutants lacking PPL and PQL proteins. On the other hand, recent studies suggest that this classification based on the mRNA co-expression is not necessarily true for the other PPD proteins (Roose et al. 2011 , Liu et al. 2012 .
Functions of PsbP and PsbQ family proteins in photosystem II
Functions of PsbP and PsbQ proteins in the OEC
Numerous studies have characterized the function of PsbP and PsbQ proteins at the OEC in PSII to optimize the availability of Ca 2+ and Clcofactors to maintain the active Mn cluster in PSII, which have been intensively reviewed (Seidler et al. 1996; Bricker et al. 2012; Ifuku et al. 2008 Ifuku et al. , 2011 . Nevertheless, it has been still elusive how PsbP and PsbQ function to stabilize the binding of the inorganic cofactors and enhance oxygen-evolution in PSII. To answer this question, Noguchi and coworkers applied the Fourier transform infrared (FTIR) measurement and succeeded to detect the conformational changes of the OEC induced by PsbP binding upon 7 the S 1 to S 2 transition of the Mn Cluster (Tomita et al. 2009 ). Figure 2 shows the summary of the results obtained from the FTIR analyses. They demonstrate that the N-terminal sequence of PsbP, which is essential to retain Ca 2+ and Clin PSII, is indispensable to induce the proper conformational changes around the OEC (Tomita et al. 2009 ). Because neither PsbQ nor PsbO is responsible for this conformational change, PsbP binding directly affects the conformation in the intrinsic proteins. Consistently, a recent study using a chemical crosslinker EDC demonstrates that Ala1 in the PsbP N-terminus has a charge-pair interaction with Glu57 in the membrane-intrinsic PsbE (Cyt b 559  subunit) . This is the first direct evidence showing the interaction between PsbP and the PSII intrinsic subunit in higher plants system, while an interaction between PsbP and PsbE was suggested in green algal PSII (Nagao et al. 2010b) . It was pointed out that in the cyanobacterial PSII structure, the N-terminus of PsbV (Ala1) appears to interact with Asp53 of PsbE (Bricker et al. 2013) . It is therefore possible that in higher plants PsbP may occupy a position similar to PsbV and induce conformational changes to retain Ca 2+ and Clin the OEC of PSII that might be induced by PsbV in cyanobacterial PSII. Further FTIR study using cyanobacterial system will address this point.
It has been proposed that PsbQ supports the PsbP function (Ifuku and Sato 2002) . In fact, a recent FTIR study demonstrates that PsbQ restored the ability of the N-terminal truncated PsbP to induce the proper conformational changes upon the S 1 to S 2 transition ( Fig. 2f ). This observation is interesting because in Synechocystis sp. PCC 6803, the major function of CyanoQ is to stabilize the PsbV binding to PSII, thereby contributing to the protection of the catalytic Mn cluster of the OEC (Kashino et al. 2006) . In red algal PSII, PsbQ´ is required for the stable binding of PsbV (Enami et al. 1998) , and recent FTIR studies suggest that the function of PsbV is to retain a proper OEC conformation, which corresponds to that of PsbP in higher plants (Uno et al. 2013) . Direct interaction between PsbP and PsbQ is indicated in Chlamydomonas PSII (Nagao et al. 2010) . Presumably, molecular function of CyanoQ, PsbQ´, and PsbQ is partly conserved during evolution, while the interacting partner has been changed from PsbV to PsbP in green plants.
Function of PsbP and PsbQ proteins in the dynamic PSII function
PSII is not a static structure and it undergoes constant assembly, degradation and repair . Furthermore, the association of peripheral antennae to PSII is a dynamic process that facilitates adjustment of photosynthetic light reactions to environmental changes. Recent studies suggest that PsbP and PsbQ play an important role in these dynamic processes. It has been suggested that PsbP proteins would function as an assembly and/or stability factor for PSII in Chlamydomonas and higher plants (Bricker et al. 2013) . This view is supported by a recent study showing that complete elimination of PsbP in an Arabidopsis mutant impairs photoautotrophy causing a seedling-lethal phenotype (Allahverdiyeva et al. 2013 ). On the other hand, non-complete suppression of PsbP by RNAi (5-10% of the wild type levels) allows slow photoautotrophic growth and accumulation of the PSII reaction center close to the normal level, whereas functional defects in both the oxidizing and reducing side of PSII was observed Yi et al. 2007; Ido et al. 2009 ). These facts suggest that PsbP would have dual functions in PSII: One is the "catalytic" function like a molecular chaperon with respect to the PSII assembly (Bricker et al 2012) , and the other is structural roles as the OEC subunits that protect the Mn cluster in PSII ). PsbQ may not be required for the former process, but should be involved in the latter by stabilizing the binding of PsbP.
As already mentioned above, PsbP and PsbQ are also suggested to play an important role in defining the architecture of PSII-light-harvesting complex (LHC) II supercomplexes in higher plants (Caffarri et al., 2009; Ifuku et al., 2011b) . PsbP knockdown by RNAi in tobacco resulted in a severe decrease in the amount of PSII-LHCII super-complexes, while amounts of unattached LHCII trimers and minor LHCs were significantly increased (Ido et al., 2009) .
Similarly, the abundance of PSII-LHCII supercomplexes decreased in the mutants lacking PsbQ and/or PsbR (Allahverdiyeva et al. 2013) . Since both PsbQ and PsbR have a function to stabilize the binding of PsbP to PSII, these three components have specific and important roles in stabilizing the PSII-LHCII super-complexes. Furthermore, depletion of PsbQ and/or PsbR has a major effect on short-term regulatory mechanisms, such as state transitions and non-photochemical quenching (Allahverdiyeva et al. 2013) . The absence of those subunits in the mutants accelerates the rate of the state changes, which would be caused by the increase of the LHCII antenna loosely bound to PSII.
It has been reported that PsbP, PsbQ, and PsbR can be phosphorylated in the thylakoid lumen (Reiland et al. 2009) . It is therefore possible that phosphorylation of these luminal components affects the assembly of PSII, although any luminal kinases has not been identified yet. Recent study suggests that TLP18.3 protein in thylakoid lumen is a novel acid phosphatase (Wu et al., 2011) and important for the PSII assembly (Sirpio et al., 2007) , while its substrates have not been identified. Further studies are obviously required to understand the physiological 9 significance of this phosphorylation event in the thylakoid lumen.
Function of other PsbP homologs in the PSII complex
A previous study suggests that PsbP-like protein 1 (PPL1) is required for the efficient repair of photo-damaged PSII (Ishihara et al. 2007 ). In mRNA co-expression analysis using the ATTED-II database (Obayashi et al. 2007 (Obayashi et al. , 2009 , PPL1 is included in stress-related groups and co-expresses with luminal immunophilines such as CYP38 (Sirpio et al. 2008) , FKBP13 (Gupta et al. 2002; Gopalan et al. 2004) , which are involved in the assembly of PSII and Cyt b 6 f complex, respectively. Characterization using the PPL1-RNAi plants shows that the extent of photo-sensitivity is correlated with the levels of PPL accumulation (Matsui et al. 2013) . It is also mentioned that PPL1 is mainly localized in the stroma-exposed (unstacked) thylakoid regions where the biogenesis and repair of PSII take place. These facts support the idea that PPL1 would have a function to support the formation or assembly of the PSII complex; however, association of PPL1 with PSII has not been detected experimentally. The PPD3 and PPD6 proteins were also hypothesized to have a function related to PSII, because several PSII subunits are included in the co-expression network . Further studies will elucidate the function of those PsbP homologs in PSII.
Functions of the PsbP and PsbQ family proteins in the chloroplast NDH-like complex
Structure of the chloroplast NDH -like complex
The chloroplast NDH-like complex is assembled from five distinct subcomplexes in vascular plants (Fig. 3) (Suorsa et al., 2009; Ifuku et al., 2011a; Peng et al., 2011a; . It consists of the membrane subcomplex, the stroma-exposed hydrophilic subcomplex A, the subcomplex B that attached to the membrane subcomplex, the subcomplex on the luminal side, and the electron donor binding subcomplex that accepts Fd as an electron donor. The membrane subcomplex and the subcomplex A are conserved in cyanobacteria, while the subunits in the subcomplex B, "lumen", and "donor-binding" are all encoded by nuclear genes and specific to angiosperms (Peng et al., 2009; Yamamoto et al., 2011) . Moreover, chloroplast NDH interacts with PSI to form the NDH-PSI supercomplex in Arabidopsis, which is required for the stabilization of the NDH-like complex (Peng et al., 2008 (Peng et al., , 2009 . Two minor light-harvesting complex I proteins, Lhca5 and Lhca6, function as a linker required for the interaction between NDH and PSI (Peng et al., 2009) . Consequently, the chloroplast NDH-like complex is among the largest protein complexes in thylakoid membranes.
As indicated by the mRNA coexpression analysis, several PsbP and PsbQ family proteins are included in the NDH-like complex; the PPL2 and two PQL proteins have been shown as the subunits of the luminal subcomplex (Ishihara et al. 2007; Peng et al. 2009; Suorsa et al. 2010; Yabuta et al. 2010 ). Two PQLs were given different names by different groups (Peng et al. 2009 , Suorsa et al. 2010 . To avoid confusion, PPL2 is renamed as PnsL1, and two PQLs as PnsL2 (At1g14150) and as PnsL3 (At1g14150), where "PnsL" represents Photosynthetic NDH subcomplex Lumen (Ifuku et al. 2011) . Although PQL3 (At2g01918) is also required for the stable accumulation and activity of NDH , the nomenclature of PQL3 is not changed since its cellular localization is not clear. Interestingly, two types of immunophilin, FKBP16-2 and CYP20-2, are also included in the luminal subcomplex in Arabidopsis (Peng et al. 2009 , Sirpiö et al. 2009b . Biochemical analyses suggest that PnsL1 (PPL2), PnsL2 (At1g14150), PnsL4 (FKBP16-2), and PnsL5 (CYP20-2) form luminal subcomplex that are connected to stromal subcomplex A, while PsnL3 (At1g14150) shows a different location and is associated with subcomplex B (Suorsa et al. 2010; Yabuta et al. 2010 ).
Functions of PsbP-and PsbQ like proteins in the chloroplast NDH -like complex
The subunits of the luminal subcomplex in the chloroplast NDH-like complex does not exist in the liverwort Marchantia polymorpha and the moss Physcomitrella patens, implying that the luminal supercomplex including PPL and PQLs represents a relatively recent evolutionary acquisition. In addition, the NDH-PSI supercomplex is not detected in M.
polymorpha that lacks the linker protein Lhca5 and Lhca6 (Ueda et al., 2012) , and only small amount is found in P. patens that has only Lhca5 (Ambruster et al. 2013) . These facts suggest that the PsbP and PsbQ homologs together with several immunophilines and Lhc proteins have evolved to facilitate and/or stabilize the highly-ordered structure of the NDH-PSI supercomplex, as observed in the PSII-LHCII supercomplex.
Very interestingly, a recent study indicates that PAM68L, a homolog of PAM68, a photosystem II assembly factor, mediates the assembly of the chloroplast NDH-like complex in Arabidopsis (Ambruster et al. 2013) . PAM68L does not exsit in M. polymorpha and P. patens and is suggested to facilitate the incorporation of the luminal subcomplex into other NDH-like subcomplexes. Thus, the NDH-like complex of vascular plants recruited subunits related to function in the PSII complex and utilizes them as both structural components and assembly factors. Presumably, the PsbP and PsbQ homologs might be originally assembly factors and have been developed as indispensable subunits for the NDH-like complex during evolution (Suorsa et al. 2009) . It is also possible that luminal subunits may regulate the oligomeric state and stability of the NDH-PSI complex.
Other functions of the PsbP-domain proteins
Although the mRNA coexpression analysis did not suggest the specific function of PPD1, it is recently reported that PPD1 is essential for the assembly of PSI (Liu et al. 2012 ). Deletion of PPD1 results in an inability of the mutant to grow photoautotrophically and a specific loss of the stable PSI complex. Biochemical and molecular biological analyses reveal that PPD1 interacts directly and specifically with PsaA and PsaB and assists their proper folding and integration into thylakoid membranes. PPD1 homolgs have not been identified in cyanobacteria , indicating the specific role in eukaryotic photosynthetic organisms.
Molecular function of other PPD proteins has also been investigated. PPD2 protein is proposed to be involved in singlet-oxygen signaling in Chlamydomonas (Brzezowski et al. 2012) , while PPD5 has been linked to plant development via the strigolactone synthesis (Roose et al. 2011) . Although those observations are very intriguing, their function in the photosynthetic machinery is still not clear and will not be discussed here. The current status of the knowledge about these PPD proteins is reviewed by Bricker et al. (2013) .
Conclusion
As described in this review, the PsbP and PsbQ family proteins function not only as structural components but also as assembly factors of various photosynthetic machineries in chloroplasts. In particular, the PsbP protein in PSII appears to preserve both functions and has essential roles to maintain the photosynthetic oxygen evolution in PSII Yi et al. 2007) . It is probable that the PsbP and PsbQ homologs may cooperate with the thylakoid luminal immunophilins to assist the correct folding and functional assembly of the thylakoid membrane protein complexes, such as the PSII and NDH-like complexes. It is tempting to speculate that these luminal subunits also have regulatory roles in the photosynthetic electron transport under changing environments. Recent finding suggesting the redox regulation and phosphorylation of thylakoid luminal proteins support this view. Further genetic, molecular biological, and biochemical analyses are required to elucidate this issue. shown. Each protein name is described in the text or as in Järvi et al. (2013) . 
Figure legends
